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ABSTRACT
We construct a theoretical framework to study Population III (Pop III) star formation
in the post-reionization epoch (z . 6) by combining cosmological simulation data with
semi-analytical models. We find that due to radiative feedback (i.e. Lyman-Werner and
ionizing radiation) massive haloes (Mhalo & 109 M) are the major (& 90%) hosts for
potential Pop III star formation at z . 6, where dense pockets of metal-poor gas may
survive to form Pop III stars, under inefficient mixing of metals released by supernovae.
Metal mixing is the key process that determines not only when Pop III star formation
ends, but also the total mass, MPopIII, of active Pop III stars per host halo, which is a
crucial parameter for direct detection and identification of Pop III hosts. Both aspects
are still uncertain due to our limited knowledge of metal mixing during structure
formation. Current predictions range from early termination at the end of reionization
(z ∼ 5) to continuous Pop III star formation extended to z = 0 at a non-negligible rate
∼ 10−7 M yr−1 Mpc−3, with MPopIII ∼ 103−106 M. This leads to a broad range of
redshift limits for direct detection of Pop III hosts, zPopIII ∼ 0.5−12.5, with detection
rates . 0.1−20 arcmin−2, for current and future space telescopes (e.g. HST, WFIRST
and JWST). Our model also predicts that the majority (& 90%) of the cosmic volume
is occupied by metal-free gas. Measuring the volume filling fractions of this metal-free
phase can constrain metal mixing parameters and Pop III star formation.
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1 INTRODUCTION
The ‘standard model’ of early star formation predicts that
the first generation of stars, the so-called Population III
(Pop III), started to form at redshift z ∼ 20 − 30 in mini-
haloes of Mhalo ∼ 106 M (Abel et al. 2002; Bromm et al.
2002; Bromm 2013), driven by cooling from H2 and HD
molecules in primordial gas (Johnson & Bromm 2006; Liu &
Bromm 2018). Although the properties of Pop III stars are
still uncertain in the absence of direct observations, current
theoretical models (e.g. Stacy & Bromm 2013; Susa et al.
2014; Hirano et al. 2015; Machida & Nakamura 2015; Stacy
et al. 2016; Hirano & Bromm 2017; Sugimura et al. 2020),
and indirect observational constraints (e.g. Frebel & Nor-
ris 2015; Ji et al. 2015; Hartwig et al. 2015; Magg et al.
2019; Ishigaki et al. 2018; Tarumi et al. 2020) converge on
the picture that Pop III stars are characterized by a top-
heavy initial mass function (IMF), covering a few to a few
hundred M. As a result, they have distinct features com-
pared with present-day stars formed in metal-enriched enri-
onments, such as bluer spectra with narrow He ii emission
lines and higher efficiencies of producing supernovae (SNe)
? E-mail: boyuan@utexas.edu
and (binary) black holes (e.g. Nagao et al. 2008; Whalen
et al. 2013; Kinugawa et al. 2014; Sobral et al. 2015; Bel-
czynski et al. 2017; Ishigaki et al. 2018).
A fundamental question regarding Pop III stars is when
in cosmic history this special mode of star formation was
terminated, which is intricately linked to our understanding
of the feedback mechanisms that not only regulate Pop III
star formation, but also drive cosmic thermal and chemical
evolution. An important goal is to provide guidance to ob-
servational campaigns searching for Pop III stars at lower,
more accessible, redshifts (z . 5), possibly even extending to
recent times. If detected at lower redshifts, Pop III systems
could be studied in detail, directly measuring their IMF,
which is out of reach at high redshifts, even with the next
generation of telescopes, such as the James Webb Space Tele-
scope (JWST). The challenge is to identify any such pockets
of Pop III star formation at more recent epochs, which would
be extremely rare.
There are three main physical processes that regulate
Pop III star formation: (i) metal enrichment, (ii) Lyman-
Werner (LW) radiation, and (iii) reionization. Locally, once
the metallicity is above some critical value Zcrit ∼ 10−6 −
10−3.5 Z (e.g. Bromm & Loeb 2003; Omukai et al. 2005;
Smith et al. 2009), star formation is shifted to the low-mass
c© 2020 The Authors
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Population II/I (Pop II/I) mode. This threshold is typically
exceeded within atomic cooling haloes (Mhalo & 107−8 M),
which host the first galaxies (e.g. Wise et al. 2011; Pawlik
et al. 2013; Jeon & Bromm 2019), and minihaloes externally
enriched by nearby SNe (Wise et al. 2014; Smith et al. 2015;
Jeon et al. 2017). However, metal enrichment is highly inho-
mogeneous, driven by complex interactions between SN blast
waves and the ambient medium, accretion of primordial gas,
and turbulent mixing during structure formation (e.g. Greif
et al. 2010; Pan et al. 2013; Ritter et al. 2015). As a result,
even if the mean metallicity is above Zcrit at lower redshifts
(z . 10), extremely metal-poor gas may still be available for
Pop III star formation, as implied by observed quasar spec-
tra with little metal absorption (e.g. Simcoe et al. 2012).
Globally, LW radiation can photo-dissociate molecular
coolants, thus delaying Pop III star formation to occur in
more massive haloes (e.g. Machacek et al. 2001; O’Shea &
Norman 2006; Safranek-Shrader et al. 2012; Xu et al. 2013).
Similarly, after reionization, star formation is significantly
reduced in low-mass haloes (Mhalo . 109 M, e.g. Pawlik
et al. 2015, 2017; Benitez-Llambay & Frenk 2020), where
hot ionized gas cannot collapse. In general, LW and ionizing
photons can suppress and even terminate Pop III star for-
mation in low-mass haloes, but have little effect on massive
haloes, where metal mixing is the key.
Taking into account all or some of these processes,
Pop III star formation at lower redshifts (z . 10) has been
studied with semi-analytical models and cosmological sim-
ulations (e.g. Tornatore et al. 2007; Karlsson et al. 2008;
Trenti & Stiavelli 2009; Muratov et al. 2013; Pallottini et al.
2014; Jaacks et al. 2019). While semi-analytical models pre-
dict the termination of Pop III star formation to occur at
z ∼ 5−15 (Scannapieco et al. 2003; Yoshida et al. 2004; Greif
& Bromm 2006; Hartwig et al. 2015; Mebane et al. 2018),
sharp cut-offs of Pop III star formation are not seen in simu-
lations for z & 2.5, where the inhomogeneous nature of metal
enrichment is better captured. High-resolution simulations,
which at least marginally resolve minihaloes, generally agree
that Pop III star formation continues down to z ∼ 4−8 at a
level of a few 10−6 to 10−4 M yr−1 Mpc−3, without a sharp
decrease towards lower redshifts (Wise et al. 2011; Johnson
et al. 2013; Xu et al. 2016; Sarmento et al. 2018). Never-
theless, different sub-grid models for star formation, stel-
lar feedback, and metal mixing are adopted with simplify-
ing assumptions, leading to uncertainties and discrepancies
in the detailed histories and environments of Pop III star
formation. Besides, it is interesting to investigate Pop III
star formation at even lower redshifts (z . 4), when its
final termination may occur. However, it is still computa-
tionally prohibitive to run a cosmological hydrodynamics
simulation that can well resolve minihaloes (. 5 × 104 M
for dark matter) down to z = 0 in a representative volume
(VC & 106 Mpc3 for ν . 2 peaks). In this regime, we have
to rely on extrapolation of what is learned in simulations at
higher redshifts, together with semi-analytical techniques.
In light of this, we construct a theoretical framework
of Pop III star formation in the post-reionization epoch
(z . 6), by combining simulation data and semi-analytical
modelling of turbulent metal mixing and the reionization
process, which may not be fully captured in simulations.
Although we cannot provide a definitive answer to the ques-
tion of when Pop III star formation was terminated, our
work serves as a flexible platform to address this challenge.
Specifically, individual elements of the framework, such as
the metal mixing efficiency and ionization history, can be
constrained by separate studies. Among them are high-
resolution, zoom-in simulations, focusing on metal transport
in the wake of SN feedback. Furthermore, our approach can
be applied to different cosmological simulations. It also en-
ables us to explore the observational signatures of possible
late Pop III star formation at more recent cosmic times.
The paper is structured as follows. Section 2 briefly
describes the sub-grid models and setup of our cosmolog-
ical simulations, for which details are available in Liu &
Bromm 2020 (LB20, henceforth). In Section 3, we demon-
strate how the key feedback processes that regulate Pop III
star formation arise during the evolution of the universe.
Section 4 presents our framework of Pop III star formation
after reionization, including its possible termination and the
corresponding observational signatures. We summarize our
findings and conclusions in Section 5.
2 SIMULATING EARLY STAR FORMATION
Our cosmological simulations are conducted with the gizmo
code (Hopkins 2015), using the Lagrangian meshless finite-
mass (MFM) hydro solver, with a number of neighbours
Nngb = 32, and the Tree+PM gravity solver from gadget-
3 (Springel 2005). The properties of baryons are computed
with a non-equilibrium primordial chemistry and cooling
network for 12 primordial species, supplemented by metal-
line cooling of C ii, O i, Si ii and Fe ii (Jaacks et al. 2018).
Sub-grid models for Pop III and Pop II star formation,
stellar feedback, black hole formation, accretion, dynam-
ics, feedback and reionization are employed (LB20). Specif-
ically, Pop III and Pop II are distinguished by a thresh-
old metallicity Zth = 10
−4 Z (Z = 0.02). The for-
mer is characterized by a modified Larson IMF, dN/dM ∝
M−α exp(−M2cut/M2), with α = 0.17 and M2cut = 20 M2 in
the mass range 1 − 150 M (Jaacks et al. 2018), while the
latter by a Chabrier IMF in the mass range 0.08− 100 M
(Jaacks et al. 2019). LW radiation is modelled with a back-
ground term derived from the simulated star formation rate
density (SFRD) and a local term under the optically thin
assumption, taking into account self-shielding for photo-
dissociation. Ionization and SN feedback from massive stars
are implemented in terms of their long-term (‘legacy’) ther-
mal and chemical impact (Jaacks et al. 2018, 2019), as well as
SN-driven winds (Springel & Hernquist 2003). Reionization
is modelled with UV background (UVB) heating based on
the photo-ionization rate from Faucher-Giguere et al. (2009),
assuming a characteristic scale of 1 kpc for shielding in the
intergalactic medium (IGM). We refer the reader to LB20 for
detailed descriptions and calibrations of the sub-grid models.
In this work, we focus on the most representative run
FDbox_Lseed in LB20 (referred as the/our simulation, hence-
forth), where the simulated region is a periodic cubic box of
side length L = 4 h−1Mpc. The initial positions and veloc-
ities of simulation particles are generated with the music
code (Hahn & Abel 2011) at an initial redshift zi = 99 for
the Planck ΛCDM cosmology (Planck Collaboration et al.
2016): Ωm = 0.315, Ωb = 0.048, σ8 = 0.829, ns = 0.966, and
h = 0.6774. The chemical abundances are initialized with
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the results in Galli & Palla (2013), following Liu et al. 2019
(see their Table 1). The (initial) mass of gas (dark mat-
ter) particles is 9.4 × 103 M (5.2 × 104 M). The basic
unit of star formation (i.e. the mass of stellar particles) is
set to m? ' 600 M, for both Pop III and Pop II stars.
This choice reflects the typical mass (500 − 1000 M) of a
Pop III star cluster, based on high-resolution simulations of
Pop III star formation in individual minihaloes (e.g. Stacy &
Bromm 2013; Susa et al. 2014; Machida & Nakamura 2015;
Stacy et al. 2016; Hirano & Bromm 2017; Sugimura et al.
2020), and constraints from the observed global 21-cm ab-
sorption signal (Schauer et al. 2019b). We have verified that
the choice of m? has little impact on processes involving
Pop II stars. The simulation stops at z = 4, when the sim-
ulation volume is marginally representative for all ν . 2
peaks. The simulation data are analysed with yt1 (Turk
et al. 2010), and dark matter haloes are identified by the
rockstar2 halo finder (Behroozi et al. 2012).
3 KEY FEEDBACK EFFECTS
In this section, we discuss the build-up of global LW and
ionizing radiation fields as well as metal enrichment in the
simulation, which are the key feedback effects for regulating
Pop III star formation. We also evaluate the uncertainties in
our simulation results, by comparison with other simulations
and observational constraints. In the next section, we intro-
duce semi-analytical corrections to account for potentially
underestimated feedback effects.
3.1 Radiation feedback
Fig. 1 shows the evolution of cosmic radiation backgrounds,
in terms of LW intensity JLW,bg (left) and production rate
density of ionizing photons n˙ion (right). Individual contribu-
tions from Pop III and Pop II stars are also shown. For LW
radiation (see Sec. 2.2.2 of LB20), the Pop II component ex-
ceeds that from Pop III at z ∼ 20 shortly after the onset of
Pop II star formation (z ∼ 23), and dominates the LW back-
ground for z . 15. The fractional contribution from Pop III
decreases with decreasing redshift, and becomes negligible
(. 1%) in the post-reionization era (z . 6).
To evaluate the strength of the LW feedback, we also
plot the ‘critical’ LW intensity for significant suppression of
Pop III star formation in low-mass haloes. Two definitions
are employed for this ‘critical’ intensity. The first is based on
the increase of threshold halo mass for star formation caused
by LW feedback, given by the fitting formula (Machacek
et al. 2001; Fialkov 2014)
Mˆmolth (JLW) = M
mol
th
[
1 + 6.96(4piJLW,21)
0.47] , (1)
where Mˆmolth and M
mol
th are the mass thresh-
olds with and without LW feedback, JLW,21 =
JLW/(10
−21erg s−1 cm−2 Hz−1 sr−1), and we regard
an increase by a factor in the range of 10 to Matomth /M
mol
th
as ‘critical’ (shaded region). Here we adopt the threshold
masses Mmolth and M
atom
th in Trenti & Stiavelli (2009),
1 https://yt-project.org/doc/index.html
2 https://bitbucket.org/gfcstanford/rockstar/src
and further impose a lower limit of 106 M for Mmolth ,
based on the simulations of Schauer et al. (2019a) for the
typical case of 1σ baryon-dark-matter streaming velocity.
The second is based on the H2 formation and destruction
balance3 at a typical state of collapsing primordial gas
with a temperature T = 250 K, a density n = 100 cm−3,
and an electron abundance xe = 10
−5 (dotted horizontal
line). It turns out that JLW,bg,21 ∼ 0.1 − 1 at z . 19,
residing in the ‘critical’ range given by the first definition,
and exceeding the ‘critical’ value according to the second
definition at z ∼ 13 − 7 (with JLW,bg,21 ∼ 1). In Sec. 4.1,
we will show that Pop III star formation is indeed shifted
to more massive haloes (i.e. Mhalo &Matomth ) at z ∼ 13− 7.
For ionizing radiation, we derive the total production
rate density of ionizing photons as the summation of Pop III
and Pop II contributions:
n˙ion = n˙ion,PopIII + n˙ion,PopII , (2)
n˙ion,k = ρ˙?,kt?,k〈N˙ion,k〉 , k = PopIII, PopII , (3)
where ρ˙? is the simulated SFRD, t? the lifetime of mas-
sive stars (3 Myr for Pop III and 10 Myr for Pop II), and
〈N˙ion〉 the luminosity of ionizing photons per unit stellar
mass (1048 s−1 M−1 for Pop III and 10
47 s−1 M−1 for
Pop II). Similar to the case of LW radiation, the Pop II con-
tribution starts to dominate at z ∼ 20, and that of Pop III
drops below 1% at z . 10. For comparison, we estimate the
production rate density required for reionization, based on
the ‘critical’ SFRD (Johnson et al. 2013)
ρ˙? = 0.05 M yr
−1 Mpc−3
×
(
C
6
)(
fesc
0.1
)−1(
1 + z
7
)3
, (4)
where C is the clumping factor, and fesc is the escape
fraction. We consider the typical range of escape fraction
fesc ∼ 0.1 − 0.7 (So et al. 2014; Paardekooper et al. 2015),
and clumping factor evolution from Chen et al. 2020 (for
∆ < 200, see their equ. 13 and table. 2). The ‘critical’ pro-
duction rate is reached in our simulation at z ∼ 10−4, which
is consistent with our implementation of the UVB heating
and the resulting ionization history.
This is demonstrated in Fig. 2, which shows the mass-
and volume-weighted hydrogen ionized fractions in the sim-
ulation. Both fractions start to rise at z ∼ 10, reaching 0.6
(mass-weighted) and 0.97 (volume-weighted) at the end of
the simulation (z = 4). We further fit the volume-weighted
ionized fraction to the widely used tanh form (Lewis 2008)
fˆion =
1
2
(1− xrece )
[
1 + tanh
(
yre − y
∆y
)]
+ xrece , (5)
where xrece is the ionized fraction left over from recombi-
nation, y(z) = (1 + z)3/2, ∆y = 1.5
√
1 + zre∆z, zre is the
redshift at which fˆion = 0.5, and ∆z describes the duration
of reionization. We keep xrece = 2 × 10−4 fixed, and fit for
zre and ∆z. As shown in Fig. 2, the fit is excellent at z . 9,
with best-fit parameters zre ' 7.6 and ∆z ' 1.6.
In our simulation, reionization is delayed compared to
3 We have taken into account self-shielding against LW radiation
in calculating the H2 destruction rate, with the same method used
in the simulation (see Sec. 2.2.2 of LB20), based on Wolcott-Green
et al. (2011).
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Figure 1. Evolution of cosmic radiation backgrounds powered by all (solid), Pop III (dashed) and Pop II (dashed-dotted) stars. Left
panel (a): LW background intensity (physical). For comparison, the ‘critical’ intensity for significant suppression of Pop III star formation
is shown with the shaded region and the dotted horizontal line. The former is defined with the increase of the threshold halo mass for
Pop III star formation by a factor in the range of 10 to Matomth /M
mol
th , inferred from the fit formula in Machacek et al. (2001); Fialkov
(2014). Here, Mmolth and M
atom
th are the molecular and atomic cooling threshold masses without LW feedback, respectively. The latter is
defined with the H2 formation and destruction balance at a typical state of collapsing primordial gas (see main text). Right panel (b):
production rate (co-moving) density of ionizing photons. The production rate required to fully ionize the IGM is shown with the shaded
region (see equ. 20 of Johnson et al. 2013), given a typical range of escape fraction fesc ∼ 0.1− 0.7 (So et al. 2014; Paardekooper et al.
2015), and clumping factor evolution from Chen et al. 2020 (for ∆ < 200, see their equ. 13 and table. 2).
what is inferred from Planck data, where zre = 8.8
+1.7
−1.4
(Planck Collaboration et al. 2016), but the difference is still
within 1σ. This implies that we may underestimate the ef-
fect of reionization feedback, as is also evident in the mass-
weighted ionized fraction, which is only 0.6 at z = 4. Note
that the mass fraction of collapsed objects (i.e. haloes, with
overdensities ∆ & 200) is ∼ 0.1 < 1− fion at z ∼ 4, indicat-
ing that self-shielding in the IGM is significant. Indeed, we
will show in Sec. 4.1 that in our simulation the effect of reion-
ization on star formation becomes important only at z . 4.5.
This is unphysically late, likely caused by this overestimation
of self-shielding against external UV radiation. Actually, the
characteristic scale of 1 kpc assumed for IGM self-shielding
leads to an optical depth τion > 10 for ∆ & 5 (i.e. structures
that have passed turnover in the spherical collapse model)
at z & 3. Therefore, we conclude that the effect of reioniza-
tion is not fully captured in our simulation, and should be
modelled separately (see Sec. 4.2). Meanwhile, to correct for
the overestimated self-shielding, we reset ∆z = 0.94 for fur-
ther applications of fˆion, based on the combined constraints
(zre = 7.44 ± 0.76, ∆z < 0.94) from the cosmic microwave
background (CMB) and fast radio bursts (FRBs; Dai & Xia
2020).
3.2 Metal enrichment
Fig. 3 shows the global metal enrichment process in terms
of the (mass-weighted) mean gas metallicity 〈Z〉 (left) and
volume-filling fractions of gas F at different metallicity lev-
els (right), derived from the zoom-in run FDzoom_Hseed
in LB20. The mean metallicity exceeds the critical metal-
licity for transitioning to Pop II star formation, Zcrit ∼
4 6 8 10 12 14
z
0.0
0.2
0.4
0.6
0.8
1.0
f io
n
Mass-weighted
Volume-weighted
Fit by tanh
fion
CMB+FRBs
Figure 2. Evolution of mass- (solid) and volume- (dashed)
weighted ionized fractions of hydrogen. The volume-weighted ion-
ized fraction is fitted with a tanh function (Equ. 5), which has
two free parameters: the location zre and width ∆z of reioniza-
tion. The best-fit parameters are zre ' 7.6 and ∆z ' 1.6 in our
case (dashed-dotted). To correct for overestimated self-shielding,
∆z = 0.94 is adopted in further applications of the best-fit ion-
ized fraction fˆion (dotted), based on observational CMB and FRB
constraints (Dai & Xia 2020), shown with the shaded region.
10−6 − 10−3.5 Z at z ∼ 20 − 10. We further estimate
the mean metallicity in collapsed metal-enriched structures,
i.e. haloes with Mhalo > M
mol
th (dotted curve), assuming
that all metals are confined, i.e. 〈Z〉col = 〈Z〉/fcol, where
fcol =
∫∞
Mmol
th
nh(M)dM/ρm is the mass fraction of such
structures, given the halo mass function nh (calculated by
MNRAS 000, 1–17 (2020)
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(a) Mass-weighted average
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Figure 3. Cosmic metal enrichment by all (solid), Pop III (dashed) and Pop II (dashed-dotted) SNe. Left panel (a): Mass-weighted mean
metallicity of gas. The shaded region illustrates the ‘critical’ metallicity for the Pop III to Pop II transition. The dotted curve shows
the mean metallicity in collapsed metal-enriched structures, i.e. haloes with Mhalo > M
mol
th , assuming that all metals are confined, i.e.
〈Z〉col = 〈Z〉/fcol, where fcol is the mass fraction of such structures (see main text). Right panel (b): Volume filling fractions of gas at
different metallicity levels. Results for Z > 10−4 Z are shown with thick curves, while those for Z > 10−2 and 10−1 Z with (normal)
dashed and dashed-dotted curves, respectively. As an upper limit, we estimate the volume-filling fraction for the extreme case where all
Pop III stars end in PISNe, shown with the solid curve of downward arrows. For comparison, we plot the results from Wise et al. 2011
(WJ11), Johnson et al. 2013 (JCS13), Pallottini et al. 2014 (PA14) and Xu et al. 2016 (XH16) with the cross, shaded region (which
brackets the cases with and without LW feedback), long dashed curve and star, respectively. We also show the volume filling fraction of
haloes with Mhalo > M
mol
th (thick dotted), estimated as Fcol ' fcol/200. Here we use the data from the zoom-in run FDzoom_Hseed (see
LB20) for simplicity.
Murray et al. 2013), cosmic mean matter density ρm, and
molecular cooling threshold Mmolth for star formation. The
resulting mean metallicity 〈Z〉col is always above Zcrit by
at least one order of magnitude. Meanwhile, the volume-
filling fraction remains below 10%. This outcome reflects
the inhomogeneous nature of metal enrichment, such that
regions close to star formation sites are rapidly enriched,
overshooting Zcrit, while others remain extremely metal-
poor (Scannapieco et al. 2003). Therefore, the volume filling
fraction of significantly enriched gas F(Z > Zth = 10−4 Z)
is a better indicator of the effect of metal-enrichment on
Pop III star formation than the mean metallicity 〈Z〉. We
also compare the volume filling fraction of metal-enriched
mass to that of haloes with Mhalo > M
mol
th . The latter is
estimated as Fcol ' fcol/200. We find that Fcol < F , even
for Z > 10−1 Z at z . 11, which is a sign of metal enrich-
ment of the IGM driven by galactic outflows. Similar trends
are also seen in previous studies (Wise et al. 2011; Johnson
et al. 2013; Pallottini et al. 2014; Xu et al. 2016).
Similar to radiation feedback, the Pop III contribu-
tion to the mean metallicity of gas also decreases towards
lower redshifts, dropping to ∼ 1% at z = 4. However, the
Pop III contribution to the volume-filling fraction of sig-
nificantly metal-enriched gas is always non-negligible (40%-
70%). The reason is that Pop III star formation tends to
occur in low-density regions (away from previous star for-
mation and metal enrichment activity) where SN bubbles
can expand to larger volumes. Actually, in the extreme
case where all Pop III stars end in pair-instability SNe
(PISNe), the volume-filling fraction (estimated by rescaling
the Pop III contribution based on the boost of SN energy
by PISNe) will be dominated (& 90%) by Pop III stars and
reaches 10% at z = 4.
We further compared our volume-filling fractions with
literature results (Wise et al. 2011; Johnson et al. 2013;
Pallottini et al. 2014; Xu et al. 2016). For instance, our
F(Z > 10−4 Z) agrees well with that in Pallottini et al.
(2014) at z . 5, but is higher by up to a factor of 10 at z & 6
than those in Johnson et al. (2013); Pallottini et al. (2014).
Meanwhile, the simulations in Wise et al. (2011); Xu et al.
(2016) with the enzo code predict F(Z > 10−4 Z) ∼ 3−6%
at z ∼ 7 − 8, higher than our results by up to a factor of
10. In general, the discrepancies in different simulations are
significant (up to two orders of magnitude), reflecting the
uncertainties in sub-grid models for SN feedback and metal
transport. It remains uncertain to what extent the fine-grain
metal mixing process (at a scale of ∼ 10−3 pc; Spitzer 2006;
Sarmento et al. 2016) is captured in such cosmological sim-
ulations with limited resolution (∆x & 10 pc). Therefore,
the late-time (z . 6) Pop III star formation in our simula-
tion may not be adequately captured, due to the imperfect
treatment of metal transport.
To be more specific, we assume that metals are instan-
taneously mixed into the gas particles enclosed by the final
radius of SN shell expansion, while in reality, the timescale
for complete mixing can be non-negligible (∼ 1 − 10 Myr)
at the scale of gas particles (mgas ∼ 104 M), marking the
resolution limit of the simulation4. That is to say, even if the
4 According to Pan et al. (2013); Sarmento et al. (2016), the
dynamical mixing timescale is ∼ 1−10 Myr, for our gas particles
MNRAS 000, 1–17 (2020)
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Figure 4. Stellar metallicity-mass relation. Simulated star-
forming haloes at z = 4 are shown with green dots, and the
ones undergoing recent Pop III star formation within 3 Myr are
labelled with triangles. Systems with Z < 10−6 Z are plotted at
Z = 10−6 Z. For comparison, we also plot the results for FIRE
simulation (Ma et al. 2016), AMAZE observations (Maiolino et al.
2008), and local group dwarfs (LGDFs; Simon 2019) with blue,
red and orange shaded regions. Individual LGDFs are labelled
with stars.
mean metallicity of a gas particle is above Zcrit, there could
still be a significant fraction of gas with Z < Zcrit. It is shown
in Sarmento et al. (2016, 2018) that taking into account such
unresolved metal-poor gas will enhance the Pop III SFRD by
a factor of 2. On the other hand, we do not smooth gas metal-
licities with any kernels, such that the metallicity of a gas
particle is only affected by nearby SNe. Our approach is valid
at the scale of mgas ∼ 104 M, as the MFM method sets the
mass fluxes across mesh boundaries explicitly to zero. How-
ever, turbulent metal diffusion at unresolved scales across
different gas particles is not captured, which may reduce
the fraction of metal-poor gas in a halo. Besides, the mesh
itself in gizmo is actually smoothed. Therefore, in Sec. 4.2,
we use semi-analytical models of metal-mixing to correct
for the potentially overestimated amount of metal-poor gas
in the simulated Pop III SFRD. It is also possible to im-
plement passive scalar diffusion in simulations (see Hopkins
2017). We defer such investigations to future work.
Although our treatment of metal transport is idealized,
the observed stellar metallicity-mass relation (Maiolino et al.
2008; Simon 2019) is well reproduced by our simulation in a
broad mass range M? ∼ 103 − 108 M, especially for local
group dwarfs (LGDFs), as shown in Fig. 4. We find that the
scatter in stellar metallicity increases with decreasing stel-
lar mass, in particular for M? . 5× 105 M, also consistent
with the trend in observations. However, at a fixed stellar
mass, the stellar metallicity is higher in our simulation com-
pared with the FIRE simulations (Ma et al. 2016), again
demonstrating the uncertainties in cosmological simulations
regarding metal enrichment.
at a scale of ∆x ∼ (mgas/ρgas)1/3 ∼ 70 pc, under the typical
conditions in SN remnants with a mean matallicity Z¯ ∼ 102 −
104 Zcrit, a density n ∼ 10−3 − 1 cm−3, a temperature T ∼
2× 104 K and a Mach number M∼ 1.
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Figure 5. Co-moving Pop III SFRD. The results from our fidu-
cial run and the corresponding fit are shown with thin and thick
solid curves. We further plot the results from other cosmolog-
ical simulations in Johnson et al. 2013 (JCS13; with LW feed-
back), Xu et al. 2016 (XH16), Sarmento et al. 2018 (SR18) and
Jaacks et al. 2019 (JJ19), with the dashed, dashed-dotted, dotted
and densely dashed-dotted curves, which demonstrate the range
of Pop III star formation histories in current models. Note that
the XH16 results are based on a zoom-in simulation for a low-
density region (〈δ〉 = −0.26 at z = 8), which should be regarded
as lower limits. The SR18 results include two cases with (up-
per) and without (lower) unresolved inefficient metal mixing. For
comparison, we plot the (extrapolated) Pop II/I (≈ total) SFRD
ρ˙? = 0.015(1+z)2.7/{1+[(1+z)/2.9]5.6} M yr−1 Mpc−3 (with
0.2 dex scatters) from Madau & Dickinson 2014 (shaded region),
inferred by UV and IR galaxy surveys, such as Finkelstein 2016
(FS16; data points). The corresponding simulated total SFRD is
shown with the long-dashed curve.
4 POP III STAR FORMATION AFTER
REIONIZATION
In this section, we demonstrate our framework for Pop III
star formation after reionization (z . 6). We first character-
ize a representative sample of simulated haloes with recent
Pop III star formation at z ∼ 4 − 6, considering their mass
and metallicity distributions, as well as the masses and lo-
cations of active Pop III stars within them (Sec. 4.1). Based
on this sample, we then employ semi-analytical models for
metal mixing and reionization to extrapolate the Pop III
SFRD to z = 0 (Sec. 4.2). Finally, we discuss the obser-
vational constraints and possible signatures of Pop III star
formation in the post-reionization epoch (z . 6), as well as
its potential termination (Sec. 4.3).
The starting point of our framework is the simulated
(co-moving) Pop III SFRD, which is shown in Fig. 5, in
comparison with literature results (Johnson et al. 2013; Xu
et al. 2016; Sarmento et al. 2018; Jaacks et al. 2019). Our
Pop III SFRD peaks at z ∼ 10 with∼ 10−4 M yr−1 Mpc−3,
and drops to ∼ 2×10−5 M yr−1 Mpc−3 at z = 4. We fit the
simulated Pop III SFRD to the form (Madau & Dickinson
2014)
ρ˙sim?,PopIII(z)
M yr−1 Mpc−3
=
a(1 + z)b
1 + [(1 + z)/c]d
, (6)
which leads to best-fit parameters a = 765.7, b = −5.92,
c = 12.83 and d = −8.55. For the post-reionization epoch
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Figure 6. Cosmic web from the fiducial run at z = 4, in terms
of the projected distribution of dark matter (in co-moving coor-
dinates, with a thickness of 4 h−1Mpc). Pop III stellar particles
with ages τ < 3 and ∼ 3− 10 Myr are labelled with orange trian-
gles and red filled circles. Their host haloes are also shown with
empty circles whose sizes reflect their virial radii. Note that small
haloes (Mhalo . 1010 M) have been covered by the labels of
Pop III stars.
(z . 6), this is approximately equivalent to a power-law ex-
trapolation ∝ (1 + z)b−d ' (1 + z)2.6, as d < 0 in our case.
Interestingly, the power-law index here is similar to that of
the Pop II/I SFRD from Madau & Dickinson (2014). Inte-
grating ρ˙sim?,PopIII(z) across cosmic history gives the density
of all Pop III stars ever formed, ∼ 105 M Mpc−3 (in which
55% comes from z > 6), consistent with the constraints in
Visbal et al. (2015), set by Planck data.
Our Pop III SFRD agrees well with Johnson et al.
(2013) at z & 7 and Sarmento et al. (2018) at z & 9, but is
lower (higher) compared with that in Jaacks et al. 2019 (Xu
et al. 2016) at z & 7. This can be explained with the fact
that Jaacks et al. (2019) did not include mechanical SN feed-
back, while Xu et al. (2016) targeted a low-density region
(〈δ〉 = −0.26 at z = 8), whose results should be regarded as
lower limits. In general, our Pop III SFRD is approximately
the median value among various simulation results (Torna-
tore et al. 2007; Wise et al. 2011; Johnson et al. 2013; Xu
et al. 2016; Sarmento et al. 2018). In Fig. 5, we also plot the
simulated total SFRD (dominated by Pop II/I at z . 22),
which is consistent with observations within a factor of 2
(Madau & Dickinson 2014; Finkelstein 2016). We refer the
reader to Section 3 of LB20 for more detailed comparisons
between our simulations and observations.
4.1 Host haloes of Pop III stars
A fundamental question for Pop III star formation at late
times is where Pop III stars could possibly continue to form.
As an example, Fig. 6 shows the locations of (active) Pop III
stellar particles with ages τ < 3 Myr and τ ∼ 3 − 10 Myr,
on top of the cosmic web in the last simulation snapshot
at z = 4. We identify the host of a Pop III particle as the
most massive halo that encloses the Pop III particle within
its virial radius. Massive (Mhalo & 1010 M) host haloes of
active Pop III star formation are also shown in Fig. 6, con-
stituting 50% of the host halo population at z = 4, thus
indicating that formation of Pop III stars in massive haloes
is important. The reason is that metal mixing is inefficient
in our simulation, such that metal-poor gas in dense fila-
ments (i.e. cold accretion flows) can still form Pop III stars,
even though the densest regions within the halo have been
significantly enriched by previous SNe. This process is illus-
trated in Fig. 7, where (active) Pop III particles are plot-
ted on top of the projected distributions of dark matter
(left), metal-poor gas (Z < 10−4 Z, middle) and metal-
enriched gas (Z > 10−4 Z, right), for one of the most mas-
sive haloes at z = 4 that host active Pop III stars with
Mhalo ' 3× 1010 M. This halo is still under assembly with
a few (groups) of sub-haloes separated by a few (physical)
kpc, where Pop III stars are formed on the edges of such
sub-structures. Actually, Pop III stars tend to form at the
‘connection points’ of (metal-enriched) sub-structures and
dense filaments rich in metal-poor gas. This trend is con-
sistent with the ‘Pop III wave’ scenario (Tornatore et al.
2007), which is also seen in previous simulations (e.g. Pal-
lottini et al. 2014; Xu et al. 2016). Besides, recent work by
Bennett & Sijacki (2020) found that inflows of cold dense gas
are significantly enhanced with better resolution of shocks,
leading to metal-poor star formation in primordial filaments,
for even more massive haloes (Mhalo ∼ 1012 M).
To characterize the host haloes of Pop III stars after
reionization (z . 6), we combine 4 snapshots at z = 4, 4.5,
5 and 6 to construct a sample of 145 (52) haloes that have
recent Pop III star formation within 10 (3) Myr (the rep-
resentative sample, henceforth). As mentioned in Sec. 3.1,
and to be further discussed below, reionization feedback is
not well captured in our simulation, while the effect of LW
feedback is treated more realistically. Therefore, the repre-
sentative sample from our simulation effectively corresponds
to the case under a moderate LW background, but with-
out reionization feedback. In the next subsection, additional
corrections are made to fully take into account the effect of
reionization.
We divide the Pop III host haloes into three groups,
based on the atomic cooling threshold Matomth and the (dark
matter+baryonic) Jeans mass of fully ionized gas
MJ,ion ' 6.7× 108 M
×
[
(1 + z)3∆
53 × 125
]−1/2(
Tb
20000 K
)3/2
, (7)
where ∆ is the overdensity and Tb the temperature of ion-
ized gas. We use the Jeans mass (Equ. 7) to approximate
the halo mass threshold below which star formation is sig-
nificantly suppressed due to reionization (i.e. the filtering
mass, Gnedin 2000). We adopt ∆ = 125 and Tb = 20, 000 K
in accordance with more complex calculations and simula-
tions (Pawlik et al. 2015, 2017; Benitez-Llambay & Frenk
2020; Hutter et al. 2020). For simplicity, we evaluate Matomth ,
MJ,ion at z = 4, and apply M
atom
th ' 1.2 × 108 M,
MJ,ion ' 6.7 × 108 M to the entire representative sample
at z ∼ 4− 6.
The first group refers to the ‘classical’ formation sites
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Figure 7. Edge-on (xy, top) and Face-on (xz, bottom) projected distributions of dark matter (left), metal-poor gas (Z < 10−4 Z,
middle) and metal-enriched gas (Z > 10−4 Z, right) in one halo of Mhalo ' 3× 1010 M with recent Pop III star formation at z = 4.
Pop III star particles with ages τ < 3 and ∼ 3− 10 Myr are labelled with orange triangles and red filled circles. The physical scale of the
cubic region shown is ∼ 14 kpc. It is evident that Pop III stars tend to form at the edges of sub-structures, reminiscent of the ‘Pop III
wave’ theory (Tornatore et al. 2007).
of Pop III stars with Mhalo < M
atom
th , the minihaloes, where
molecular (hydrogen) cooling dominates, and which are par-
ticularly important at high-z. This group itself is interesting,
as it reflects how feedback regulates Pop III star formation.
In Fig. 8, we plot the fraction of active Pop III stars in
molecular cooling haloes, fmol, in comparison with the frac-
tion of newly star-forming haloes5, fnew, for z ∼ 4− 20 (i.e.
isolated Pop III star formation). In general, fnew > fmol, es-
pecially for z . 13, which indicates that at lower redshifts,
the majority of isolated Pop III star formation occurs in
atomic cooling haloes. fmol drops from close to 1 to a few
percent when z decreases from ∼ 20 to ∼ 13, resulting from
the suppression/delay of star formation in molecular cool-
ing haloes by LW radiation. Actually, fmol anti-correlates
with the background LW intensity JLW,bg, shown in the
left panel of Fig. 1. For instance, fmol remains a few per-
cent at z ∼ 13− 7 when JLW,bg is above the ‘critical’ value
(JLW,bg,21 & 1). Similar trends are also seen in the recent
simulation of Skinner & Wise 2020 (see their fig. 5). Both
fnew and fmol decrease rapidly at z . 4.5, where reionization
starts to take effect. This is later than expected, for the rea-
son explained in Sec. 3.1. In the next subsection, for the pur-
pose of post-processing, we use a smoothed version of fmol,
assuming that fmol = 0.2 at z < 6, which again reflects the
case under a moderate LW background (JLW,bg,21 ∼ 0.1−1),
but without reionization feedback.
The other two groups refer to haloes with Mhalo ∈
[Matomth ,MJ,ion] and Mhalo > MJ,ion. The former, together
with molecular cooling haloes, is not expected to form
stars after reionization. Therefore, their contributions to the
Pop III SFRD are removed for the Pop III SFRD models in
5 A halo with active Pop III stars is called a newly star-forming
halo, if it has not experienced any star formation activities prior
to the recent Pop III star formation.
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Figure 8. Fractions of active Pop III stars in molecular cooling
haloes (fmol) and new star-forming haloes (fnew), for τ < 3 (solid
and dashed-dotted) and 10 (dashed and dotted) Myr. We also
show a smoothed version of fmol with the thick gray curve, in
which fmol = 0.2 at z < 6 is assumed to denote the case under
a moderate LW background but without reionization. The effect
of reionization will be modelled separately in Sec. 4.2 given the
smoothed fmol as a starting point.
the next subsection. To evaluate the relative importance of
the three groups, we plot the halo mass distribution of the
representative sample in Fig. 9, where haloes are weighted
by enclosed mass of active Pop III stars, MPopIII, such that
the distribution is proportional to dMPopIII/d logMhalo. It
turns out that the ratio of the contributions from the three
groups to Pop III star formation is approximately 2 : 1 : 1.
Besides, the distribution at Mhalo & MJ,ion can be approx-
imated with a power-law of index αm ∼ 0.5 (solid), while
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Figure 9. Halo mass distribution (in log scale) of the represen-
tative halo sample with recent Pop III star formation within 3
(orange histograms) and 10 (red dashed contour) Myr. Haloes
are weighted by enclosed masses of active Pop III stars, such that
the distribution here is proportional to dMPopIII/d logMhalo. The
atomic cooling threshold Matomth and Jeans mass of haloes with
fully ionized gas MJ,ion are shown with the dotted and dashed-
dotted vertical lines. The distribution at Mhalo & MJ,ion can be
approximated with a power-law of index αm ∼ 0.5 (solid), while
that at Matomth . Mhalo . MJ,ion can be described by another
power-law with αm ∼ −1. The total masses of active Pop III stars
in these two groups of haloes are almost identical (with < 10%
difference).
that at Matomth . Mhalo . MJ,ion can be described by an-
other power-law with αm ∼ −1.
Besides the host mass, another crucial property of late-
time Pop III star formation is the distribution of Pop III
stars in their host haloes. We define the relative distance,
rPopIII, from an active Pop III particle to the halo center
as the ratio of the physical distance RPopIII to the virial
radius Rvir, i.e. rPopIII ≡ RPopIII/Rvir. The distribution
of rPopIII is shown in Fig. 10 for the active Pop III par-
ticles in haloes with Mhalo > MJ,ion from the representa-
tive sample. This distribution, i.e. dMPopIII/d log rPopIII ∝
r3PopIIIρPopIII(rPopIII), given the density profile of Pop III
stars, ρPopIII, can be approximated with a power-law of
index αr ∼ 0.3. The result for all atomic cooling haloes
(Mhalo > M
atom
th ) is similar. This indicates that the (quasi-
natal) distribution of Pop III stars is less concentrated than
that of Pop II/I stars and dark matter (with ρ ∝ r−4 and
r−3, i.e. αr ∼ −1 − 0, at the outskirts). About half (47-
61%) of the Pop III particles occur at the outskirts of haloes
(rPopIII & 0.1), consistent with the ‘Pop III wave’ theory
(Tornatore et al. 2007). However, a few percent of Pop III
particles with ages τ ∼ 3−10 Myr are still found in halo cen-
ters (rPopIII . 10−2), which are expected to be polluted by
metals. One explanation is that for haloes during assembly
(mergers), the mass center of a halo as a whole may not be
close to any sub-haloes with recent star formation activities
(i.e. sources of metal enrichment), as shown in Fig. 7. Nev-
ertheless, outflows driven by SN winds may have enriched
the halo center (or even the entire halo) in reality, so that
we may have overestimated Pop III star formation.
In light of this, we further look into the extreme case
in which metals are fully mixed in the entire halo (i.e.
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Figure 10. Distribution of relative distances rPopIII ≡
RPopIII/Rvir (in log scale) for the active Pop III particles with
ages τ < 3 (orange histograms) and 10 (red dashed contour) Myr,
in haloes above the Jeans mass of ionized gas (Mhalo > MJ,ion)
from the representative sample. The distribution is fitted to a
power-law form, resulting in a power-law index of αr ∼ 0.3, such
that the enclosed mass of active Pop III stars follows MPopIII(<
r) ∝ rαr ∼ r0.3.
within Rvir) by measuring the mean (gas-phase and stel-
lar) metallicities of Pop III host haloes in the representative
sample. The cumulative distribution functions of the halo
mean metallicities for different groups of haloes are shown
in Fig. 11, together with the metallicities of active Pop III
particles themselves. The latter is meant to explore the de-
pendence of Pop III star formation on the critical metallic-
ity (Zcrit ∼ 10−6 − 10−3.5 Z) for the Pop III to Pop II/I
transition. Atomic cooling haloes (Mhalo > M
atom
th , repre-
sentative before reionization) and haloes above the filtering
mass (Mhalo > MJ,ion, representative after reionization) are
considered separately. To better capture the natal environ-
ments of Pop III stars, we focus on the gas-phase metallicity
for haloes6 with τ < 3 Myr, but stellar metallicity for haloes
with τ < 10 Myr. It is shown that if the Pop III mode is
restricted to metal-free gas (equivalent to Zcrit . 10−6 Z
in our case), about 50% of Pop III star formation will be
shifted to Pop II/I. If metals are fully mixed inside haloes
and Zcrit . 10−5 Z, ∼ 10− 25% of Pop III star formation
remains before reionization (for Mhalo > M
atom
th ), while only
. 3% remains after reionization (for Mhalo > MJ,ion).
Finally, a parameter of particular importance for direct
detection of Pop III stars is the total mass of active Pop III
stars MPopIII per halo. This parameter is the product of the
‘quantum’ of Pop III star formation, i.e. the typical Pop III
stellar mass formed per local (cloud-scale) star formation
event, and the number of Pop III star-forming clouds coex-
isting in a few Myr. Fig. 12 shows the distribution of MPopIII
for the entire representative sample. We find no clear cor-
relation between MPopIII and Mhalo, such that the distribu-
tion remains similar when only haloes with Mhalo > MJ,ion
are considered (i.e. after reionization). The average mass of
6 For a Pop III particle, τ is the age of the underlying stellar
population. For a halo with recent Pop III star formation, τ is
the age of the youngest Pop III stellar populations within it.
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Figure 11. Cumulative metallicity distribution functions for ac-
tive Pop III particles (thick) and their host haloes (thin), from
the representative sample. The results for atomic cooling haloes
are shown with solid and dashed curves, while those for haloes
above the Jeans mass of ionized gas with dashed-dotted and dot-
ted curves, for τ < 3 and 10 Myr, respectively. Again, haloes are
weighted by enclosed masses of active Pop III stars. To better
capture the natal environments of Pop III stars, gas-phase metal-
licity is adopted for host haloes with τ < 3 Myr, while stellar
metallicity is used for τ < 10 Myr.
active Pop III stars per halo is 〈MPopIII〉 ' 103 M with
large scatter. More than 50% of haloes only have one ac-
tive Pop III particle (i.e. MPopIII = m? ' 600 M), and
less than 10% of haloes have MPopIII ∼ 2 × 103 − 104 M,
consistent with theoretical and observational upper limits of
MPopIII . 106 M (Yajima & Khochfar 2017; Bhatawdekar
& Conselice 2020)7. Note that Xu et al. (2016); Skinner &
Wise (2020) also find typically MPopIII . 103 M, while
other simulations with lower resolution or different star for-
mation routines predict higher values, e.g.MPopIII & 105 M
(Pallottini et al. 2014; Sarmento et al. 2018). As the observa-
tional constraints are still weak, the total mass of active Pop
III stars per halo/galaxy is uncertain, especially for massive
haloes at late times (Mhalo & 109 M, z . 6), depending on
resolution and sub-grid models for star formation and stellar
feedback, particularly chemical feedback from SNe.
4.2 Extrapolating Pop III star formation to the
present day
Based on what is learned from the representative sample,
we now extrapolate Pop III star formation to z = 0 by in-
troducing corrections to the fit of simulated Pop III SFRD
7 Yajima & Khochfar (2017) derived MPopIII . 106 M from
a semi-analytical model for the collapse of primordial gas under
the effect of angular momentum loss via Lyman-α (Lyα) radia-
tion drag and the gas accretion onto a galactic centre. The lack
of evidence for Pop III dominated systems in the Hubble Fron-
tier Fields at z ∼ 6− 9 (Bhatawdekar & Conselice 2020) implies
MPopIII . 4− 7× 105 M, given a limiting rest-frame UV (abso-
lute) AB magnitude MUV = −13.5 (see Sec. 4.3 for the Pop III
stellar population synthesis model adopted to deriveMPopIII from
MUV).
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Figure 12. Distribution of enclosed mass of active Pop III stars
for the representative sample of recent Pop III star formation
within 3 (triangles) and 10 (circles) Myr. There is no clear cor-
relation between MPopIII and Mhalo, such that the distribution
remains similar when only haloes with Mhalo > MJ,ion are consid-
ered (i.e. after reionization). The average mass of active Pop III
stars per halo 〈MPopIII〉 ' 103 M is shown with the vertical
dotted line.
ρ˙sim?,PopIII (Equ. 6) for reionization and metal mixing. We de-
compose the Pop III SFRD into two components: one from
molecular cooling haloes (Mhalo < M
atom
th ) and the other
from atomic cooling haloes (Mhalo > M
atom
th ). Both compo-
nents are subject to reionization corrections, while we only
consider additional metal mixing for the latter. The reason
is that for molecular cooling haloes, the typical timescale for
re-collapse (and repeated star formation) after a SN explo-
sion is ∼ 20 Myr (Greif et al. 2007; Johnson et al. 2007; Rit-
ter et al. 2012), smaller than the merger timescale ∼ 10 Myr.
As a result, most molecular cooling haloes only experience
one episode of Pop III star formation before merging into
more massive haloes8, such that internal enrichment is not
important. Although external enrichment may play a role
(Wise et al. 2014; Smith et al. 2015; Jeon et al. 2017), we
neglect this effect for simplicity. Note that star formation
in molecular cooling haloes is prohibited after reionization,
and the contribution of molecular cooling haloes is only a
few percent during reionization (z ∼ 7 − 13) due to strong
LW feedback (see Fig. 8). We write the Pop III SFRD after
such corrections as
ρ˙cor?,PopIII = ρ˙
sim
?,PopIII(fˆatom〈fmp〉+ fˆmol) , (8)
where fˆmol and fˆatom are the terms for reionization correc-
tion, while 〈fmp〉 captures the effect of additional metal mix-
ing. The reionization terms are calculated with
fˆk(z) = fk(z)× {fk,0 + fk,1[1− fˆion(z)]} , (9)
where fk(z) is derived from the simulation for k =
mol, atom, with fmol + fatom = 1. To be specific, we use
a smoothed version of fmol based on simulation data (see
Fig. 8 and the left panel of Fig. 1), in which fmol = 1
8 In the representative sample, ∼ 80% of molecular cooling haloes
hosting active Pop III stars (τ < 3 Myr) have not experienced any
previous star formation (and internal enrichment).
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for z > 19 with negligible LW feedback, fmol = 0.05 for
12.5 > z > 6 under a strong LW background (JLW,bg,21 & 1),
fmol = 0.2 for z < 6 under a moderate LW background
(JLW,bg,21 ∼ 0.1−1), and these three plateaus are connected
with two linear functions of z. Within each component k,
fk,0 is the fraction of Pop III star formation unaffected by
reionization (i.e. in massive haloes Mhalo > MJ,ion), and fk,1
is that suppressed by reionization. Note that fk,0 +fk,1 = 1.
We set fmol,0 = 0 and fatom,0 = 0.5, based on the represen-
tative sample (see Fig. 9).
For (additional) metal mixing, 〈fmp〉 is defined as the
fraction of Pop III star formation remaining, when more
sufficient metal mixing is considered:
〈fmp〉 =
∫ M2
M1
fmp(z,M)w(M)dM/
∫ M2
M1
w(M)dM , (10)
fmp(z,M) = max{1− [Rmix/Rvir]αr , 0} , (11)
where fmp(z,M) is the metal-poor fraction of potential
Pop III forming gas as a function of halo virial radius Rvir
and metal mixing radius Rmix, for a halo of mass M at z. In
the second line (Equ. 11), we have assumed spherical sym-
metry and locate the halo center as the source of enrichment.
We adopt M1 = M
atom
th and M2 = max[10M
atom
th ,Mcrit(ν =
2)], corresponding to the mass range of haloes in our sim-
ulation, where Mcrit(ν = 2) is the critical mass for 2-
sigma peaks. The weight function is written as w(Mhalo) =
AMαm−1halo ∝ M−1halodMPopIII/d logMhalo, where αm ∼ 0.5
and A = 0.4 for Mhalo ≥ MJ,ion, while αm ∼ −1 and
A = 1 − fˆion(z) for Mhalo < MJ,ion. The power-law in-
dices αm and normalization factors A are derived from the
simulated distribution of (active) Pop III mass in haloes,
dMPopIII/d logMhalo, as shown in Fig. 9. Note that the reion-
ization effect has been absorbed into A for low-mass haloes
(Mhalo < MJ,ion). We use αr ∼ 0.3, based on the radius
distribution of Pop III particles (Fig. 10). The metal mixing
radius Rmix is estimated by tracking the halo growth history
with the gravity-driven turbulent diffusion model based on
Karlsson et al. (2008),
Rmix(z,M) =
[
6
∫ z
zi
Dturb(z
′)
∣∣∣∣ dtdz′
∣∣∣∣ dz′]1/2 , (12)
Dturb(z
′) ≡ 〈vturb〉lturb/3 = βmixv′virR′vir/3 , (13)
v′vir =
√
GM ′
R′vir
, R′vir =
[
3M ′
4pi∆ρm(z′)
]1/3
. (14)
Here ∆ = 200, and βmix is an adjustable parameter that
reflects the strength of metal mixing, in terms of how the
turbulent diffusion coefficient Dturb(z
′) ≡ Dturb(z′|z,M)
depends on halo dynamics. Evidently, fmp(z,M) decreases
with increasing βmix. The onset of internal metal enrich-
ment zi ≡ zi(z,M) is derived by M ′(zi|z,M) = Matomth (zi)
for zi < 20. The halo growth history is obtained by solv-
ing for M ′ ≡ M ′(z′|z,M), which is the progenitor mass at
z′ > z of a halo at z with mass M . This is done by integrat-
ing the (average) halo growth rate formula from Fakhouri
et al. (2010), which is derived from simulations for ΛCDM
cosmology:
dM
dz
= M˙(z,M)
∣∣∣∣ dtdz
∣∣∣∣ ,
' 46 M yr−1
(
M
1012 M
)1.1
ξ(z)
∣∣∣∣ dtdz
∣∣∣∣ ,
ξ(z) = [1.1(1 + z)− 0.11]
√
Ωm(1 + z)3 + ΩΛ . (15)
In general, our model predicts that fmp(z,M) increases with
increasing mass M and increasing redshift z.
We also consider a more simulation-based model, where
the metal-poor fraction is expressed with
fˆ simmp (z) = f
post
mp + (f
pre
mp − fpostmp )[1− fˆion(z)] . (16)
Here fpostmp and f
pre
mp are the fractions of metal-poor gas for
Pop III star formation in atomic cooling haloes after and and
before reionization. If metal mixing is actually efficient at the
halo scale (Rmix & Rvir), but not fully captured in our simu-
lation, Pop III particles in haloes with (mass-weighted) mean
metallicities above Zcrit should be removed. This pessimistic
case can be evaluated with the distributions of halo mean
metallicities for Pop III host haloes, as shown in Fig. 11
for the representative sample. As an upper limit, we use
fpremp ' 0.25 and fpostmp ' 0.03, given a critical metallicity
Zcrit . 3 × 10−5 Z, based on the halo stellar metallicity
distributions of Pop III particles with ages τ < 10 Myr,
in all atomic cooling haloes (Mhalo > M
atom
th , before reion-
ization) and only massive haloes above the Jeans mass of
ionized gas (Mhalo > MJ,ion, after reionization).
Finally, examples of the Pop III SFRD models with the
above reionization and metal-mixing corrections, ρ˙cor?,PopIII,
are shown in Fig. 13, on top of observational constraints
and the Pop II/I counterpart (Madau & Dickinson 2014).
We consider the upper bounds on Pop III SFRD (∼
10−6 M yr−1 Mpc−3 at z ∼ 0 and ∼ 10−4 M yr−1 Mpc−3
at z ∼ 2 − 4), inferred from the observed rate densities
of super-luminous SNe (as PISN candidates, see Gal-Yam
2012; Cooke et al. 2012), assuming a Pop III PISN effi-
ciency of PISN = 10
−3 M (for typical top-heavy IMFs).
Our model SFRDs are always lower than these upper bounds
(by at least a factor of 10), even for the optimistic case with
〈fmp〉 = 1. We also plot the Pop III SFRD values, inferred
from observations of narrow He ii line emitters as candi-
dates of Pop III systems (Nagao et al. 2008; Prescott et al.
2009; Cassata et al. 2013), which are generally lower (by
up to a factor of 4) than the optimistic model (〈fmp〉 = 1)
and approximately correspond to the metal mixing models
with βmix . 0.03. Note that such observational constraints
are highly sensitive to the Pop III IMF, escape fraction of
ionizing photons and potential selection effects.
4.3 Termination of Pop III star formation
The precise definition of what it means to terminate Pop III
star formation is non-trivial, in the absence of abrupt cut-
offs in the Pop III SFRD, akin to a cosmic phase transition
such as reionization. Our theoretical models here indeed do
not exhibit any precipitous drop, and are instead charac-
terized by a more gradual tapering off. We first consider a
physically motivated definition based on the average Pop III
MNRAS 000, 1–17 (2020)
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Figure 13. Pop III SFRD models based on extrapolation of the
simulation results (thick dashed), with corrections for reioniza-
tion (Equ. 9) and different models of metal mixing. The opti-
mistic model (〈fmp〉 = 1) is plotted with the thick solid curve.
The pessimistic model based on the metal-poor fraction fˆ simmp with
halo-scale metal mixing of simulated haloes (Equ. 16) is shown
with the long dashed line. Semi-analytical metal mixing models
(Equ. 10-15) for βmix = 0.01, 0.03, 0.1, 0.3 and 1 are shown with
the dotted curves (from top to bottom). The thin horizontal line
shows the physically-motivated ‘critical’ Pop III SFRD for a typ-
ical halo (Mhalo,∗ ∼ 2 × 1012 M) at z = 0 to form one typical
Pop III star cluster of ∼ 600 M within one dynamical timescale
tdyn ∼ 0.1/H0 (see Sec. 4.3 for details). The orange shaded re-
gion shows the upper bounds inferred from observations of super-
luminous SNe (see main text). Constraints from narrow He ii line
emitters (HeIIEs) as candidates of Pop III systems (Nagao et al.
2008; Prescott et al. 2009; Cassata et al. 2013) are shown with the
triangles. The Pop II/I SFRD from Madau & Dickinson (2014) is
also shown for comparison (grey shaded region).
star formation rate9 (SFR) for a halo of mass M at z, given
a Pop III SFRD ρ˙?,PopIII:
M˙PopIII(M, z|ρ˙?,PopIII) = Veff(M, z)ρ˙?,PopIII ,
Veff(M, z) = w(M)
[
nh(M, z)
∫ M2
M1
w(M)dM
]−1
, (17)
where nh is the halo mass function (calculated by Murray
et al. 2013), w(M), M1 and M2 refer to the weight function
and mass range of Pop III hosts (see Equ. 10 and the descrip-
tion thereafter), which embodies the distribution of Pop III
mass in haloes, i.e. w(Mhalo) ∝ M−1halodMPopIII/d logMhalo
(see Fig. 9).
We then focus on a typical halo at z = 0 with
a mass Mhalo,∗ ∼ 2 × 1012 M and define the ‘criti-
9 With the SFR formula (Equ. 17), our models (see Fig. 13) can
predict the average formation rate of Pop III stars in a present-
day halo of a mass similar to that of the Milky Way halo (Mhalo '
1.5× 1012 M). The result for the optimistic model (〈fmp〉 = 1)
is M˙PopIII ∼ 10−6 M yr−1. Given MPopIII ∼ 103 M, this
average SFR implies that the probability of such a halo to have
recent Pop III star formation (within 3 Myr) is ∼ 0.003, which
serves as a rough estimation for the Milky Way. More accurate
estimation for the chance of finding active Pop III stars in the real
Milky Way halo needs to consider the detailed assembly history
and metal mixing process.
cal’ Pop III SFRD as the one required to form one typi-
cal/minimum Pop III star cluster with MPopIII,∗ ∼ 600 M
in one dynamical timescale tdyn ∼ 0.1/H0. This leads to
ρ˙?,crit ≡ MPopIII,∗/[tdynVeff(M = Mhalo,∗, z = 0)] ∼ 3 ×
10−8 M yr−1 Mpc−3. Finally, the termination of Pop III
star formation is defined via ρ˙?,PopIII = ρ˙?,crit. In our case,
Pop III star formation will be terminated at z ∼ 5 with
complete halo-scale metal mixing (i.e. 〈fmp〉 ∼ 0, achieved
with βmix & 0.18). The termination occurs at z & 1.5 for
the simulation-based pessimistic model (i.e. 〈fmp〉 = fˆ simmp ,
see Equ. 16), which approximately corresponds to the case
of βmix & 0.15. While for inefficient metal mixing with
βmix . 0.03, there is no termination at z > 0, according
to this definition.
We can also consider the termination of Pop III star for-
mation from the observational perspective. Given the host
properties and Pop III SFRD models in Sec. 4.1 and 4.2,
we can now predict the detection rates of Pop III stars and
their PISNe as functions of the horizon redshift zPopIII, as
shown in Fig. 14. Here, we adopt a field of view (FoV, i.e.
survey area) of 10 arcmin2 for direct observation of Pop III
stars, which is relevant to JWST and Hubble deep-field cam-
paigns, and FoV = 10 deg2 for detection of Pop III PISNe,
achievable with the Vera C. Rubin Observatory, specifically
its Legacy Survey of Space and Time (LSST).
In the optimistic case, where metal mixing is ineffi-
cient (βmix ∼ 0, 〈fmp〉 ∼ 1), direct detection of Pop III
systems would reach ∼ 10 arcmin−2 for zPopIII ∼ 2, and
up to 2000 per arcmin2 for zPopIII ∼ 10, assuming that all
Pop III stars are grouped into systems of MPopIII = 10
3 M.
However, as the simulated Pop III systems are not massive
(MPopIII . 2×103 M), we infer zPopIII ∼ 0.5 for the Hubble
Space Telescope (HST) and JWST, leading to a detection
rate ∼ 0.1 per arcmin2 even in the optimistic case. Here,
in the calculation of zPopIII, we consider the HST WFC3
filter F555W with a limiting (AB) magnitude of 30 (for
SNR > 5 in a 10-hour exposure), and the JWST NIRCam
filter F150W with a limiting magnitude of 31.4. Optimistic
magnitudes for Pop III stellar systems are derived with
the Stellar Population Synthesis (SPS) code yggdrasil10
(Zackrisson et al. 2011), under their (instantaneous-burst)
Pop III.1 model (with an extremely top-heavy Salpeter IMF
in the range of 50− 500 M) based on Schaerer (2002), and
optimal parameters for nebular emission and Lyα transmis-
sion (i.e. fcov = 1, fLyα = 0.5).
Using their Pop III.2 model with a moderately top-
heavy IMF from Raiter et al. (2010) will reduce the flux
by a factor of 3. If lensing pushes the limiting magnitude to
33, we can reach zPopIII ∼ 4 with JWST, where up dozens
of Pop III host systems will reside in one arcmin2, but the
fraction of lensed systems may still be too low for promis-
ing detection. For the Wide Field Infrared Survey Telescope
(WFIRST), given a sensitivity similar to that of HST in the
optical and a large FoV of 0.3 deg2 ≈ 103 arcmin2, one ex-
posure of 10 hours can detect ∼ 100 Pop III systems with
SNR > 5 (for the R062 filter) at z . 0.5 in the optimistic
case. However, in the pessmimistic model with halo-scale
metal mixing of simulated haloes (i.e. 〈fmp〉 = fˆ simmp ), the de-
tection rate will be reduced by a factor of 30. Furthermore,
10 https://www.astro.uu.se/~ez/yggdrasil/yggdrasil.html
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Figure 14. Detectablility of Pop III systems, for the optimistic model (solid), the strictly metal-free case with Zcrit . 10−6 Z (dashed-
dotted), the pessimistic model based on the metal-poor fraction fˆ simmp with halo-scale metal mixing of simulated haloes (long-dashed),
and semi-analytical metal mixing models with βmix = 0.01, 0.03, 0.1, 0.3 and 1 (dotted, from top to bottom). The underlying Pop III
SFRD models are shown in Fig. 13. Left panel (a): Number of Pop III host systems per 10 arcmin2 as a function of horizon redshift
zPopIII, assuming that all Pop III stars are grouped into systems with MPopIII = 10
3 M. The horizon redshifts for the JWST NIRCam
filter F150W are shown with the shaded region (zPopIII ∼ 0.5 − 1.5) and thick dashed vertical lines (zPopIII ∼ 1.5 − 3.75), given the
limiting (AB) magnitudes 31.4 and 33 for ultra-deep campaigns and lensing, respectively. Similarly, for the HST WFC3 filter F555W,
we have zPopIII ∼ 0.38− 0.75 (thick dotted), given a limiting magnitude of mV = 30 (for SNR > 5 in a 10-hour exposure). In each case,
we derive the magnitudes of Pop III stars of MPopIII = 1000− 5000 M from the SPS code yggdrasil (Zackrisson et al. 2011), under
their Pop III.1 model (see the text of Sec. 4.3 for details). Right panel (b): PISN detection rates per 10 deg2 as a function of horizon
redshift zPopIII, assuming a typical PISN efficiency PISN = 10
−3 M−1 for Pop III. The detection limits for LSST (g, r, i and z bands)
with and without circumstellar medium interactions are shown with the thick vertical dotted lines (zPopIII ∼ 0.75 − 2), while that for
JWST NIRSpec (SNR > 10) is shown with the orange dashed line (zPopIII ∼ 5), based on the properties of PISN candidate SN2016aps
(Nicholl et al. 2020). We also plot an upper limit of the PISN rate for Pop II/I stars with the gray shaded region, assuming no mass loss
by stellar winds (see main text for details).
as discussed below, it is non-trivial to identify Pop III host
systems at such low redshifts when Pop II/I star formation
is dominating and prevalent. This is particularly challeng-
ing at low redshifts (z . 1), where no powerful instrument
currently exists in the rest-frame UV to search for distinct
features of Pop III (e.g. bluer spectra and He ii emission
lines).
Beside direct observation of active Pop III stars them-
selves, detection of Pop III PISNe is another important chan-
nel to probe late-time Pop III star formation (Scannapieco
et al. 2005). However, we find that the scarcity of Pop III
stars remains the main obstacle to detection of their PISNe,
as seen in previous studies (e.g. Hummel et al. (2012)).
Even for a FoV as large as 10 deg2, the detection rate only
reaches 1 per year at zPopIII ∼ 7 in the optimistic model.
While the estimated horizon redshift is zPopIII ∼ 0.75 − 2
for LSST11, and that for JWST NIRSpec (SNR > 10) is
zPopIII ∼ 5, based on the properties of the recently dis-
covered PISN candidate SN2016aps (Nicholl et al. 2020).
For LSST, in the optimistic case with zPopIII = 2, where
all Pop III PISNe are massive interacting events similar
to SN2016aps (Nicholl et al. 2020) and luminous for long
(∼ 1 yr), a survey area of & 100 deg2 is required to de-
tect one Pop III PISN. For JWST, although it can reach
11 The range of zPopIII for LSST reflects the uncertainty in how
PISN blast waves interact with the circumstellar medium (Nicholl
et al. 2020).
zPopIII ∼ 5, it cannot afford a large survey area. For in-
stance, the FoV considered by the First Lights at REioniza-
tion (FLARE) project is only∼ 0.1 deg2, such that detection
of Pop III PISNe is unlikely to be achieved in a survey time
of a few years (Wang et al. 2017; Rego˝s et al. 2020). In our
calculation of the PISN rates, we assume a Pop III PISN
efficiency PISN = 10
−3 M−1 for typical top-heavy Pop III
IMFs. We adopt PISN = 6 × 10−5 M−1 for Pop II/I as an
optimal estimation, based on a Salpeter IMF from 0.1 to
200 M, neglecting mass loss from stellar winds. Given such
assumptions and the Pop II/I SFRD from Madau & Dickin-
son (2014), we find that the Pop III contribution to the total
PISN rate remains below 10−3 at z . 7. Tuning the Pop III
IMF and normalization of the Pop III SFRD within obser-
vational constraints (e.g. Visbal et al. 2015; Inayoshi et al.
2016) can enhance the Pop III PISN rate by at most a factor
of 30, such that the dominance of Pop II/I remains, unless
the (average) PISN efficiency for Pop II/I stars is much lower
in reality than our optimal estimation. Note that the PISN
efficiency is highly sensitive to the upper mass limit of a stel-
lar population, which is still uncertain, especially for Pop III
and II stars with low metallicities. For metal-enriched stars
(Pop II/I), strong stellar winds may drive the upper mass
limit below the PISN threshold. In that case, only Pop III
would contribute to the PISN rate.
In general, our results indicate that detection of Pop III
stars and PISNe in the post-reionization epoch is ex-
tremely challenging, even for the optimistic model with
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Figure 15. Probability of detecting Pop III-bright systems. Left panel (a): Fractions of star-forming galaxies hosting active Pop III
stars. The results for all atomic cooling haloes are shown with the solid and dashed curves, while those for haloes above the Jeans mass
of ionized gas with triangles and filled circles, for Pop III ages τ < 3 and 10 Myr, respectively. Right Panel (b): Cumulative distribution
functions of the active Pop III to total stellar mass ratio, for atomic cooling haloes (solid and dashed) and haloes above the ionization
Jeans mass (dashed-dotted and dotted) from the representative sample. The minimum ratio MPopIII/M? ∼ 10−4− 0.01 for Pop III stars
to dominate the flux (i.e. FPopIII & FPopII/I) is shown with the shaded region.
continuous Pop III star formation at a rate ∼ 10−7 −
10−4 M yr−1 Mpc−3 down to z ∼ 0. Actually, this prospect
will be rendered even more difficult, if we further consider
the fact that most Pop III stars formed at late times (z . 6)
would reside in massive systems, where (young massive)
Pop II/I stars are also present. As long as MPopIII . 103 M,
any galaxy with a Pop II/I SFR M˙? & 10−2 M yr−1 in the
past 10 Myr or a total stellar mass M? & 107 M will be
dominated by the light from Pop II/I stars, even if it has ex-
perienced recent Pop III star formation. In other words, the
active Pop III to total stellar mass ratio MPopIII/M? must
be above ∼ 10−4−0.01 for the Pop III to Pop II/I flux ratio
to exceed one (FPopIII & FPopII/I). We regard such systems
as Pop III-bright12.
In Fig. 15, we explore the probability of identifying
Pop III-bright systems in dwarf galaxies (M? . 108.5 M)
by considering the occupation fraction of Pop III hosts in
star forming galaxies (left), and the cumulative distribu-
tion function of the active Pop III to total stellar mass
ratio (right), for the representative sample. Before reion-
ization (z & 10), ∼ 5 (10)% of all atomic cooling haloes
have recent Pop III activities within 3 (10) Myr. How-
ever, after reionization (z ∼ 4 − 6), only ∼ 1 (2)% per-
cent of star-forming haloes with Mhalo > MJ,ion host ac-
tive Pop III stars for τ < 3 (10) Myr, and the occupation
fraction will decrease with decreasing redshift, similar to
the trend in Pop III SFRD. Moreover, given the Pop III-
bright criterion MPopIII/M? & 10−4 − 0.01, 35 − 60% of
the atomic cooling haloes with recent Pop III star forma-
12 We also use Yggdrasil to derive the magnitudes of Pop II/I
stars, with a Kroupa IMF in the range of 0.1− 100 M, a metal-
licity Z = 0.02 Z and a constant SFR over 10 Myr, based on the
Starburst99 Padova-AGB tracks (Leitherer et al. 1999; Va´zquez &
Leitherer 2005). Again, optimal parameters for nebular emission
and Lyα transmission are adopted (i.e. fcov = 1, fLyα = 0.5).
tion are Pop III-bright, while only . 10% of Pop III host
haloes with Mhalo > MJ,ion are Pop III-bright
13. As a re-
sult, Pop II/I stars will dominate in most (& 99.9%) mas-
sive haloes (Mhalo & MJ,ion ∼ 109 M) after reionization
(z . 6), according to the star formation main sequence and
assembly histories of such haloes (Pawlik et al. 2013; Sparre
et al. 2015; Yajima et al. 2017), whereas before reionization
(z & 10), ∼ 2.5− 6% of all dwarf galaxies in atomic cooling
haloes will be Pop III-bright.
However, given MPopIII < 10
4 M, such galaxies must
form less than 106 M Pop II/I stars within 10 Myr, such
that they cannot be reached by JWST at z & 6.5. Neverthe-
less, as mentioned in Sec. 4.2, the total mass of active Pop III
stars per halo/galaxy itself is still uncertain, which depends
on resolution and the sub-grid models for star formation and
stellar feedback, particularly chemical feedback from SNe. In
the optimal case where MPopIII ∼ 105 M , Pop III-bright
galaxies would be detectable by JWST (HST/WFIRST) up
to z ∼ 12 (4). We thus arrive at the conclusion that right
before reionization (z ∼ 10) is the optimal epoch to search
for Pop III-bright systems, consistent with Sarmento et al.
(2018), which predict a Pop III-bright fraction of∼ 2.5−16%
at z ∼ 9 − 10. In this way, our optimistic Pop III SFRD
model predicts that JWST (HST/WFIRST) is able to find
∼ 10 (0.1) such Pop III-bright systems per arcmin2. Again,
in more realistic models with enhanced metal mixing, those
detection rates would be significantly suppressed.
13 Note that our simulation is limited in volume such that only
dwarf galaxies (M? . 108.5 M) at z ∼ 4 − 6 are considered in
this analysis. The fraction of Pop III-bright systems is expected
to be lower at lower redshifts, where more massive galaxies will be
the (potential) hosts of Pop III stars. Such massive galaxies are
more likely have dominant Pop II/I components, where feedback
from the central massive black holes can also regulate Pop III star
formation.
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5 SUMMARY AND CONCLUSIONS
We construct a theoretical framework to study Pop III star
formation in the post-reionization epoch (z . 6) by combin-
ing cosmological simulation data with semi-analytical mod-
els. To be specific, we closely look into a representative sam-
ple of haloes hosting active Pop III stars at z ∼ 4−6 from a
cosmological simulation in LB20 (Sec. 2 and 4.1). Based on
this, we extrapolate the Pop III SFRD to z = 0 with addi-
tional semi-analytical modelling of turbulent metal mixing
and reionization (Sec. 4.2), which may not be fully captured
in the simulation. In this way, we evaluate the key physical
processes that shape Pop III star formation at late times
and the corresponding observational prospects (Sec. 4.3).
Although many of these processes are currently not well
understood, future theoretical and observational efforts will
reduce the uncertainties and shed light on the fundamental
question of the termination of Pop III star formation. Our
main findings are summarized below.
• Both radiative and chemical feedback play important
roles in regulating Pop III star formation. The former, in
terms of LW feedback and reionization, shifts (potential)
Pop III star formation to massive haloes (i.e. atomic cool-
ing haloes and haloes above the filtering mass, Mhalo &
107−9 M). The latter, in terms of mixing of metals re-
leased from SNe into the interstellar/circumgalactic medium
(ISM/CGM), then determines whether Pop III star forma-
tion is possible or not in such massive haloes, which is par-
ticularly important in the post-reionization epoch.
In our optimistic model (without additional metal mixing
beyond that captured by the simulation), the contribution
of minihaloes (i.e. the ‘classical’ site of Pop III star forma-
tion) to the overall Pop III SFRD drops to a few percent at
z . 13 due to LW feedback (see Fig. 8), and decreases expo-
nentially with redshift (to. 10−5 at z = 0) after reionization
(z . 6). Late-time Pop III star formation is dominated by
massive haloes (Mhalo & 109 M), where the densest regions
have been significantly metal enriched, but pockets of dense
metal-poor gas (e.g. in cold accretion flows) may still ex-
ist to form Pop III stars due to inefficient metal mixing (see
Fig. 7), consistent with the ‘Pop III wave’ theory (Tornatore
et al. 2007).
However, limited by resolution, treatments of metal mix-
ing are imperfect in cosmological simulations, such that
metal mixing can be more efficient in reality than in our
optimistic model (see Sec. 3.2 for details). For instance, if
we assume that metals are fully mixed within the halo virial
radius, the Pop III SFRD would be reduced by more than a
factor of 30 at z . 6.
• Next to the global Pop III SFRD, the metal mixing pro-
cess is also important for another key parameter, the total
mass, MPopIII, of active Pop III stars per host halo. Note
that we here focus on active Pop III stars, and the rele-
vant timescale is short (a few Myr) by nature, such that
the signals of short-lived massive Pop III stars can add up
in observation. Therefore, MPopIII is equivalent to the (in-
stantaneous) Pop III SFR measured at a timescale of a few
Myr. In general, MPopIII is the product of the ‘quantum’
of Pop III star formation, i.e. the typical Pop III stellar
mass formed per local (cloud-scale) star formation event,
and the number of dense (nH & 100 cm−3) metal-poor
(Z . 10−6 − 10−3.5 Z) star-forming gas clouds in the
ISM/CGM of a halo, coexisting on a timescale of a few Myr.
The former is well constrained to 500−1000 M for ΛCDM14
by high-resolution simulations and constraints from the tim-
ing of the global 21-cm absorption signal (Stacy & Bromm
2013; Susa et al. 2014; Machida & Nakamura 2015; Stacy
et al. 2016; Hirano & Bromm 2017; Schauer et al. 2019a;
Sugimura et al. 2020). While the latter is highly sensitive to
the metal mixing process.
Therefore, in ΛCDM, MPopIII reflects the number of
newly-formed Pop III star clusters in a halo. In our simula-
tion, we find that only a few Pop III clusters can be formed
within a few Myr per halo, i.e. MPopIII < 10
4 M and the
average is 〈MPopIII〉 ' 103 M (see Fig. 12). Interestingly,
we also find that MPopIII is independent of halo mass and
total stellar mass, quite different from the case of Pop II/I
stars where SFR is correlated with stellar mass (i.e. the star
formation main sequence). This further indicates the impor-
tance of metal mixing for Pop III star formation.
• The total mass MPopIII is particularly important for di-
rect detection of Pop III stars. For instance, if MPopIII ∼
103 M, as shown in our simulation, direct detection of
Pop III stars is only possible at very low redshifts (z . 0.5),
considering the sensitivities of space telescopes at present
or in the near future (e.g. HST, JWST and WFIRST). If
Pop III star formation were to extend to such low redshifts,
as predicted by our optimistic model, WFIRST, with its
large FoV, could detect ∼ 100 galaxies with active Pop III
stars in one exposure of 10 hours. However, as long as
MPopIII ∼ 103 M, only the faintest hosts of Pop III stars
can be identified as Pop III-bright (where the Pop III flux
exceeds that of Pop II/I), while the emission from the ma-
jority (& 99.9%) of luminous hosts will be dominated by
Pop II/I stars, unless we observe in the rest-frame UV. Un-
fortunately, no powerful UV instrument currently exists to
search for distinct features of Pop III (e.g. bluer spectra
and He ii emission lines) in the rest-frame UV at such low
redshifts. Detection of Pop III-bright systems would still be
challenging for WFIRST.
Nevertheless, as metal mixing is not well understood,
MPopIII is still uncertain (see Xu et al. 2016; Skinner & Wise
2020; Pallottini et al. 2014; Sarmento et al. 2018). Our value
lies at the lower end, while the upper limit is ∼ 106 M,
derived from theoretical calculations of collapsing primor-
dial gas (Yajima & Khochfar 2017) and the recent non-
detection of Pop III features in the Hubble Frontier Fields at
z ∼ 6− 9 (Bhatawdekar & Conselice 2020). If metal-mixing
is overestimated in our simulation and MPopIII ∼ 105−6 M
in reality, Pop III-bright galaxies will be detectable by
JWST (HST/WFIRST) up to z ∼ 12.5 (5). In this way,
our optimistic Pop III SFRD model predicts that JWST
(HST/WFIRST) is able to find up to ∼ 10 (0.1) Pop III-
bright systems per arcmin2.
• Finally, our simulations, similar to previous cosmologi-
cal simulations (Wise et al. 2011; Johnson et al. 2013; Pal-
lottini et al. 2014; Xu et al. 2016), predicts that the overall
volume-filling fraction of metal-enriched gas is only a few
percent when the universe has expanded to 10-20% of its
current size. As it is more difficult to enrich large volumes
14 The picture can be different for other dark matter models (see
e.g. Gao & Theuns 2007; Hirano et al. 2017).
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of gas when the Universe expands further, such simulation
results imply that the majority (& 90%) of the IGM in the
observable Universe is occupied by metal-free gas, likely at
very low column-densities, undetectable by current instru-
ments. Detecting and quantifying this metal-free phase of
the IGM will constrain theoretical models of metal mixing
and, therefore, late-time Pop III star formation. This is com-
plemented by similar observations of metal-absorption lines
at high redshifts, where bright gamma-ray burst afterglows
could serve as background sources (Wang et al. 2012). Our
semi-analytical modelling for gravity-driven turbulent metal
mixing in virialized systems can be easily extended to de-
scribe IGM metal enrichment, governed by the same mix-
ing strength parameter, βmix (and additional parameters if
necessary). Therefore, it is possible to directly relate late-
time Pop III star formation to the volume-filling fraction of
metal-free gas. We defer such exploration to future work.
When did Pop III star formation end? The current an-
swer is uncertain. In the optimistic case, Pop III star forma-
tion would extend to z ∼ 0 at a low yet non-negligible rate
of ∼ 10−7 M yr−1 Mpc−3, while in the pessimistic case,
termination of Pop III star formation may already occur by
the end of reionization (z ∼ 5). To answer this fundamental
question, we must better understand cosmic chemical evo-
lution in terms of mixing of metals released by SNe into the
ISM/CGM/IGM during structure formation. On the theory
side, we need cosmological simulations with proper resolu-
tion and complete representations of the halo population
(from minihaloes ∼ 106 M to galaxy clusters ∼ 1014 M)
across the entire cosmic history, equipped with advanced
sub-grid models for metal mixing and zoom-in simulation
techniques (e.g. Pan et al. 2013; Hopkins 2017; Stopyra et al.
2020). For observations, stronger constraints will soon come
from JWST and WFIRST for (potential) high-z and low-z
sources, on both the overall Pop III SFRD and the typical
total mass of active Pop III stars per halo. Gravitational
wave observations of the binary black hole mergers origi-
nated from Pop III stars can also constrain the Pop III SFRD
(e.g. Sesana et al. 2009; Kinugawa et al. 2014; Hartwig et al.
2016; Belczynski et al. 2017; Liu & Bromm 2020). Mean-
while, we advocate for new UV space telescopes to search
for galaxies with distinct Pop III features in the rest-frame
UV at low redshifts (z . 1), and programs designed to mea-
sure the volume-filling fraction of metal-free gas in the IGM.
Overall, many aspects regarding Pop III star forma-
tion are still uncertain, as discussed here via our framework.
Nevertheless, with improved theoretical and observational
efforts, particularly on the metal mixing process15, we will
arrive at a more complete picture of Pop III star formation,
from onset to termination, thus further elucidating the most
elusive population of stars.
15 Metal mixing is also crucial for inferring the properties of
Pop III stars from observations of extremely metal-poor stars in
the local Universe, i.e. ‘stellar archaeology’ (e.g. Frebel & Norris
2015; Ji et al. 2015; Hartwig et al. 2015; Ishigaki et al. 2018; Magg
et al. 2019; Magg et al. 2020).
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